We measured gastric slow wave activity simultaneously with magnetogastrogram (MGG), mucosal electromyogram (EMG) and electrogastrogram (EGG) in human subjects with varying body mass index (BMI) before and after a meal. In order to investigate the effect of BMI on gastric slow wave parameters, each subject's BMI was calculated and divided into two groups: subjects with BMI 27 and BMI > 27. Signals were processed with Fourier spectral analysis and second-order blind identification (SOBI) techniques. Our results showed that increased BMI does not affect signal characteristics such as frequency and amplitude of EMG and MGG. Comparison of the postprandial EGG power, on the other hand, showed a statistically significant reduction in subjects with BMI > 27 compared with BMI 27. In addition to the frequency and amplitude, the use of SOBI-computed propagation maps from MGG data allowed us to visualize the propagating slow wave and compute the propagation velocity in both BMI groups. No significant change in velocity with increasing BMI or meal was observed in our study. In conclusion, multichannel MGG provides an assessment of frequency, amplitude and propagation velocity of the slow wave in subjects with differing BMI categories and was observed to be independent of BMI.
Introduction
The slow wave is an omni-present rhythmic activity in the stomach with a frequency of about three cycles per minute in normal humans (Hinder and Kelly 1977, Parkman et al 2003) . Interstitial cells of Cajal (ICCs) located within the gastric musculature have been implicated as the originators and propagators of the slow wave. ICCs are electrically coupled by gap junctions to longitudinal and circular muscle layers and the electrical activity propagates passively through these layers (Thuneberg 1982 , Ordog et al 1999 . Motility disorders of the stomach such as gastroparesis and functional dyspepsia are known to alter spatiotemporal parameters of the gastric slow wave activity (Lin and Chen 2001 , Bradshaw et al 2009c , 2011 . Most electromyographic techniques for detecting gastric slow wave activity have either involved placing serosal electrodes on to the surface of the stomach during an abdominal surgery or attaching intraluminal electrodes to the mucosa of the stomach (Chen et al 1995) . The difficulties in gaining access to gastrointestinal (GI) tract have limited the potential use of invasive electromyogram (EMG) techniques for recording gastric slow wave activity. For this reason, non-invasive measurements of slow wave activity have garnered interest in clinical settings (Golzarian et al 1994 , Mantides et al 1997 , Zhang et al 2006 .
The electrogastrogram (EGG) records the cutaneous potentials associated with gastric slow waves, but the attenuation and distortion of volume conduction reflected in the EGG complicates its use in the identification of slow wave internal sources from external measurements (Bortolotti 1998) . A recent retrospective study showed little correlation between abnormal EGG and a variety of GI disease states (Abid and Lindberg 2007) . Magnetogastrogram (MGG) also measures the same underlying electrical activity as EGG, but is not as affected by tissue conductivities as the electric potential (Bradshaw et al 2001) . Previous studies in our lab have demonstrated that transabdominal MGG accurately reflects not only the frequency profile of the gastric slow wave, but also provides information about its spatiotemporal variation .
The influence of body mass index (BMI) on MGG and EGG signals is not well understood despite a handful of modeling and experimental studies that have appeared (Simonian et al 2004 , Obioha et al 2013 , Kim et al 2012 . A previous study from our lab showed that the sensitivity of the MGG is less affected by changes in BMI than is the EGG (Obioha et al 2013) . Our aim in the present study was to determine the effect of BMI on clinically significant physiological parameters associated with the gastric slow wave recorded using SQUID, cutaneous electrodes and mucosal EMG electrodes in human volunteers.
Materials and methods
Twenty seven healthy human volunteers (17 men and 10 women, BMI range 18 to 55.6) participated in this study. All subjects were free of any symptoms, had no history of diabetes, GI illness or surgery, and none was on medication known to alter GI motor or electrical activity. A pregnancy test was performed in women volunteers prior to enrollment. Informed consent was obtained from these volunteers and the experimental procedures were approved by the Vanderbilt University Institutional Review Board.
We measured the multichannel MGG simultaneously with a 16 channel EGG and an 8 channel EMG from 27 healthy human volunteers, who underwent 8 h overnight fast before the study. For the EMG study, we utilized a custom-fabricated eight channel mucosal electrode array integrated in a 4.5 mm diameter naso-gastric (NG) catheter. Electrodes were platinum rings installed concentric on the catheter, as illustrated in figure 1. The 4 mm long electrodes were spaced every 1.5 cm along the NG catheter. The EGG electrodes, 16 bipolar pairs that we used were standard Beckman silver-silver chloride sintered biopotential electrodes with a cup size of 17 mm. A multichannel SQUID magnetometer (model 637i; Tristan Technologies, CA, USA) was used to make measurements of MGG. The SQUID converts magnetic flux incident on detection coils into voltage signals. The SQUID has 19 normal component sensors in a hexagonal close packed array that measure magnetic fields perpendicular to the body surface. However, for this study, the data acquired from 17 normal-component SQUID sensors were used; two sensors were not in service due to sensor malfunction. Ten additional sensors measure tangential components of the magnetic field at locations at the top, bottom, sides and in the middle of the normal component sensor array. The other eight sensors recorded noise reference signals.
We placed the NG tube containing the eight mucosal electrodes in the pyloro-antral region along the greater curvature of the stomach. Appropriate placement of the NG tube electrode in the gastric antrum was verified by x-ray, as seen in figure 1. We positioned the bipolar nonmagnetic cutaneous electrodes on the abdomen above the stomach along the longitudinal axis. Volunteers were then placed underneath the SQUID magnetometer in a magnetically shielded room. We recorded simultaneous MGG, EMG and cutaneous EGG slow wave signals during fasting for a period of 30 min. The volunteers then ate a standardized 300 kcal turkey sandwich meal with a clear liquid to allow recording of the postprandial signal for a period of 1 h. The subjects were asked to suspend respiration periodically to allow the comparison of noise reduction techniques.
Electrode signals were acquired at 256 Hz with the electrode amplifier (Biosemi, Amsterdam, The Netherlands) and resampled to 30 Hz. The SQUID signals were passed into a preamplifier stage with a gain of 5 and a low pass filter set of 1 KHz (Model 5000, Quantum Design, CA, USA). SQUID data were acquired at 3 KHz, and subsequently down sampled to 30 Hz. The recorded signals were transferred into MATLAB (Mathworks, Natick, MA, USA) and filtered using a second-order Butterworth filter with a bandpass of 1-60 cycles per minute (cpm). Apart from filtering, for EGG and MGG signals, we also applied the second-order blind identification (SOBI) algorithm to reduce the interfering noise signals (Belouchrani et al 1997 , Erickson et al 2008 , 2009 ). In our notation, SOBI-MGG and SOBI-EGG refers to the filtered signals processed using the SOBI algorithm to identify gastric signal components. All frequency spectra were computed with fast Fourier transform (FFT). Signals were classified as gastric if they were primarily sinusoidal with a dominant frequency in the gastric range (2.5-4.0 cpm). We determined the parameters of the gastric slow wave measured by MGG, EGG and EMG including frequency and amplitude. We also computed the propagation velocities from MGG signals by computing the time of arrival of signal features in particular SQUID channels reconstructed from SOBI noise reduced data (Bradshaw et al 2011) . The paired Student t test was used for statistical comparison between signal modalities and differing BMI categories. Statistical significance was set at p < 0.05.
Results
The difficulty in achieving contact between the mucosal EMG electrodes and the gastric mucosa allowed us to detect pre and postprandial mucosal EMG consistently in only 20 subjects (14 men and 6 women, BMI range 18 to 41.3). The volunteers were selected to represent two categories: BMI 27 (n = 10, 6 men and 4 women, average BMI = 24.3) and BMI > 27 (n = 10, 8 men and 2 women, average BMI = 32.5). A typical set of postprandial data obtained from one of the normal BMI subjects is shown in figure 2 Figures 4(a)-(c) demonstrates the effect of BMI on gastric slow wave amplitude determined from EMG, EGG and SOBI noise reduced MGG data during pre and postprandial periods. For EMG and SOBI-MGG there were no differences in slow wave amplitude between BMI 27 and BMI > 27 subjects (EMG: p = 0.37 pre, p = 0.35 post and SOBI-MGG: . EGG showed no significant difference in preprandial amplitude between BMI 27 and BMI > 27 subjects (p = 0.44). However, there is a significant decrease in postprandial amplitude for BMI > 27 subjects compared to BMI 27 (p <0.05). Significant postprandial amplitude increases in EMG and SOBI-MGG for both BMI 27 and BMI > 27 subjects were also noted (see figure 4) . We did not observe a significant increase in EGG amplitude following the meal in BMI > 27 subjects (p = 0.12). The inability to detect consistent phase shifts from electrodes in EMG and EGG hinders the computation of propagation velocity for subjects with different BMI levels. However, the use of SOBI-computed propagation maps from MGG data allowed us to visualize the propagating slow wave and compute the propagation velocity in subjects with BMI 27 and BMI > 27. We analyzed propagation by mapping MENG-SOBI components to the SQUID array and computing phase difference from the best-fit sinusoids (Bradshaw et al 2011 ). Consecutive spatial maps from postprandial MGG for a typical subject is shown in figure 5 . From the maps, we computed the location of the pattern maximum as a function of time to estimate the propagation velocity. The estimated velocity is the slope of the best-fit line to the pattern maximum data . In the present study, our limited spatial resolution of magnetometer allow us to observe slow wave propagation clearly in only 13 (n = 6; BMI 27, n = 7; BMI > 27) test subjects. Regardless of the BMI, SOBI-computed propagation maps reveal a left-to-right anterograde gastric propagation in most subjects (figure 5). However, a few subjects showed right-to-left retrograde propagation during some segments of the study. The average propagation velocity during preprandial period was 8.4 ± 0.4 mm s −1 for BMI 27 and 8.2 ± 0.3 mm s −1 for BMI > 27 groups. For postprandial period, the average velocity was 8.5 ± 0.6 mm s −1 for BMI 27 and 8.2 ± 0.4 mm s −1 for BMI > 27 groups. These values are consistent with the known velocity of propagation of the gastric slow wave (Bradshaw et al 2011) . No significant change in velocity with increasing BMI or meal was observed.
Discussion and conclusion
Our group and others have previously reported the ability of EGG and MGG to detect slow wave parameters, in particular amplitude, frequency and propagation velocity (Chen et al 1999 . Several studies have shown that the cutaneous EGG contains frequencies similar to those recorded by internal serosal electrodes (Smout et al 1980 , Hamilton et al 1986 , but other EGG variables, including amplitude and propagation velocity, do not correlate as well (Familoni 1994) . Also, in obese volunteers slow wave propagation was not identified using EGG (Chen et al 1989) . Previous studies by several researchers have demonstrated that MGG overcomes many of the limitations of EGG (Allescher et al 1998 , Buist et al 2004 , Estombelo-Montesco et al 2007 . Since magnetic fields are mediated by permeability instead of conductivity, and since the permeabilities of fat and other tissues are nearly equal to that of free space, conductivity effects on the MGG are minimal (Bradshaw et al 2001) . Realistic torso models by Kim et al showed that magnetic fields preserved the information of gastric electrical activity better than potential fields in the change of fat thickness or conductivity (Kim et al 2012) . In addition to the ability to detect gastric slow wave signals with less abdominal volume conductor effect, MGG can detect characteristics of slow wave propagation , identify uncoupling of the electrical syncytium (Bradshaw et al 2009b) and distinguish spiking activity .
Although research effort has been focused on determining the impact of anthropometric parameters on gastric slow wave activity using bioelectric technique, a systematic characterization based on non-invasive biomagnetic method has not been previously reported. Riezzo et al previously reported the effect of obesity on gastric electrical activity using EGG. Comparison of the mean frequency values of gastric spectral peak did not reveal statistically significant differences among non-obese and their age matched obese counterparts (Riezzo et al 1991) . Since the application of SOBI algorithm improved both MGG and EGG (Somarajan et al 2012) , in the present study, other than EMG, EGG and MGG, we also employed SOBI-EGG and SOBI-MGG for dominant frequency calculation. Our data showed that increases in BMI do not have any influence on dominant frequencies determined using these modalities. Also, insignificant postprandial changes in slow wave frequency were observed for BMI 27and BMI > 27 groups.
Our results showed that increased BMI does not affect the signal amplitudes of EMG and MGG. However, postprandial EGG power was lower in BMI > 27 groups than BMI 27 in our study. We believe this to be due to an increased distance from the stomach to the abdominal wall. A similar result was reported by Simonian et al (2004) in a multicenter study, where they observed a decrease in the absolute amplitude of the EGG signal in subjects with BMI > 25 as compared to those with BMI < 25. We also noted an insignificant increase in EGG amplitude following the meal in BMI > 27 subjects, obscured apparently because of the increased BMI.
Propagation velocity is an important parameter of gastric electrical activity and is not reliably measured with bioelectric measurements. Our group has been able to reliably identify propagation and compute propagation velocity from MGG in human subjects using surface current density mapping (Bradshaw et al 2009a) . Recently, Bradshaw et al reported SOBIcomputed propagation maps from MGG data for the calculation of propagation velocity of gastric magnetic fields. A left-to-right anterograde gastric propagation with an average propagation velocity of 8.3 ± 0.6 mm s −1 was observed in healthy human subjects (Bradshaw et al 2011) . In the present study, regardless of the BMI, spatiotemporal examination of SOBIcomputed propagation maps reveals a left-to-right anterograde gastric propagation in most subjects. Pattern characteristics like abnormal rotations without definite propagation patterns were not observed in any of this study population. However, a few subjects showed right-to-left propagation pattern that typically indicate retrograde propagation during some segments of the study. This suggests that the ability to detect left-to-right anterograde propagation pattern in normal subjects may be somewhat variable. In the normal human stomach, slow waves originate near the proximal greater curvature of the corpus and propagate toward the pylorus at a frequency of approximately three cycles per minute (O'Grady et al 2010) . The stomach, however, is a hollow organ with variable shape and size. It is also a mobile organ that has the potential to rotate along its long axis. Its mobility accounts for subtle changes in the shape and position of the stomach with change in posture or ingestion of food. We believe that these reasons may have accounted for the changes in propagation patterns that are observed in some of the volunteers in this study. However, future studies are needed to help us better understand the propagation patterns in healthy humans by comparing imaging studies with their SOBI-computed propagation maps.
In conclusion, this study investigated the influence of BMI on gastric slow wave parameters using a non-invasive biomagnetic technique, and our results showed that increased BMI does not affect signal characteristics such as frequency, amplitude and propagation velocity of MGG. Non-invasive MGG is highly correlated with potentials recorded by invasive mucosal electrodes in both BMI groups. In BMI > 27 subjects, there are discrepancies in the amplitude of EGG compared with EMG and MGG, which may be due to the low-conductivity fat layers in the abdomen of obese subjects. The ability of MGG to non-invasively characterize slow wave parameters such as frequency, amplitude and propagation velocity in subjects with high BMI could have significant impact in clinical settings. 
